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Summary

Activated T-cells make both interleukin-2 (IL2) and its high-affinity recep-

tor component CD25. Regulatory CD4 T-cells (Treg cells) do not make

IL2, and the IL2-CD25 circuit is considered a paracrine circuit crucial in

their generation and maintenance. Yet, all T-cells are capable of making

IL2 at some stage during differentiation, making a cell-intrinsic autocrine

circuit additionally possible. When we re-visited experiments with mixed

bone marrow chimeras using a wide range of ratios of wild-type (WT)

and IL2�/� genotype progenitors, we found that, as expected, thymic

Treg cells were almost equivalent between WT and IL2�/� genotypes at

ratios with WT prominence. However, at WT-limiting ratios, the IL2�/�
genotype showed lower thymic Treg frequencies, indicating a role for cell-

intrinsic autocrine IL2 in thymic Treg generation under IL2-limiting con-

ditions. Further, peripheral IL2�/� naive CD4 T-cells showed poor con-

version to inducible Tregs (pTregs) both in vivo and in vitro, again

indicating a significant role for cell-intrinsic autocrine IL2 in their genera-

tion. Peripherally, the IL2�/� genotype was less prominent at all WT:

IL2�/� ratios among both thymic Tregs (tTregs) and pTregs, adoptively

transferred IL2�/� Tregs showed poorer survival than WT Tregs did,

and RNA-seq analysis of WT and IL2�/� Tregs showed interesting differ-

ences in the T-cell receptor and transforming growth factor-beta-bone

morphogenetic protein-JNK pathways between them, suggesting a non-ti-

trating role for cell-intrinsic autocrine IL2 in Treg programming. These

data indicate that cell-intrinsic autocrine IL2 plays significant roles in

Treg generation and maintenance.
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Introduction

Intercellular interactions are commonly visualized as

paracrine, in that they are mediated by either receptor-

counter-receptor engagement or by aqueous-phase mole-

cules secreted by one cell binding to receptors on another

cell. However, individual cells can also sense their own

signals in a cell-autocrine fashion, and examples of bio-

logical circuits formed from the resultant modulation of

self-behaviour are known.1,2 In the immune system, T

lymphocytes are capable of both secreting and sensing

several cytokines and chemokines, yet no resultant truly

cell-autocrine circuits have been reported so far.3–9

One major example of a T-cell cytokine-receptor com-

munication circuit involves interleukin-2 (IL2). Activated

T-cells make both the cytokine IL2 and its high-affinity

receptor component CD25.10–13 While this signalling

module was initially conceived as a general activator of

T-cells, more recent data have clarified further complexi-

ties. IL2 plays a dual role in the lifetime of the T-cell.

Abbreviations: AICD, activation-induced cell death; BMP, bone morphogenetic protein; CFSE, carboxyfluorescein succinimide
ester; CTV, Cell Trace Violet; DN, CD4�CD8� double-negative; DP, CD4+ CD8+ double-positive; FOXP3, forkhead box P3; IL2,
interleukin 2; iTregs, Tregs induced in vitro; pTregs, peripheral Tregs; SP, CD4+/CD8+ single-positive; TCR, T-cell receptor;
TGF-beta, transforming growth factor-beta; Tregs, regulatory T-cells; tTregs, natural Tregs; WT, wild-type
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One crucial role of IL2 lies in the generation and mainte-

nance of regulatory CD4 T-cells (Treg cells).14–16 Further,

while IL2 can help in clonal expansion of antigen-specific

T-cells, it also contributes to the contraction of the effec-

tor cell response after antigenic clearance, by sensitizing

activated T-cells to activation-induced cell death (AICD),

possibly explaining its influence on the maintenance of

effector-memory T-cell populations.17–19 However, it has

been shown that lack of Tregs rather than lack of AICD

contributes to the uncontrolled proliferation of effector

T-cells observed in IL2-deficient mice eventually leading

to autoimmunity.14–16

Thus, IL2 can potentially modulate the behaviour of

both self and neighbouring cell/s, and the IL2-CD25 cir-

cuit has both paracrine and autocrine potential. There is

evidence that, in responding CD4 and CD8 T-cells, IL2

functions both as a paracrine and as a cell-autocrine

modulator.7,8,20,21 In this context, CD25 is considered to

play a role in IL2 elimination,22 suggesting the feasibility

of rapid and preferential binding of secreted IL2 by cell-

intrinsic autocrine CD25, thereby making a cell-autocrine

signalling circuit plausible. However, in murine mixed

bone marrow chimeras made from wild-type (WT) plus

IL2�/� genotype progenitors, the IL2�/� phenotypes

have been shown to be corrected,22 arguing for the para-

crine nature of the IL2-CD25 signalling module.

On this background, we have re-examined

WT + IL2�/� mixed bone marrow chimeras, and we

report here evidence in support of cell-intrinsic autocrine

IL2-signalling components, a titrating one in the genera-

tion and a non-titrating one in the programming of thy-

mic natural Treg (tTreg) cells as well as peripherally

induced Treg (pTreg) cells.

Materials and methods

Mice

The following mouse strains were used: C57BL/6 (B6),

B6.SJL-PtprcaPep3b/BoyJ congenic strain of C57BL/6, B6

Thy1.1- B6.PL-Thy1a/CyJ, B6 GFP- C57BL/6-Tg(UBC-

GFP)30Scha/J, IL2 null – C3.129P2(B6)-Il2tm1Hor/J and

Rag-1�/� B6.129S7-Rag1tm1Mom/J. All strains were

obtained from the Jackson Laboratory (Bar Harbor, ME)

and maintained in the animal facility of the National

Institute of Immunology. CD45.1 9 CD45.2 double-posi-

tive mice were generated as F1 mice from crossing B6

and B6.SJL parents. All mice were used at 6–12 weeks of

age, and bi-parental chimeras were used 2–4 months

post-reconstitution. For making mixed bone marrow chi-

meras, bone marrow cells from donors were transferred

intravenously by retro-orbital injection, after anaesthetiz-

ing mice using ketamine-xylazine given by intra-peri-

toneal injection according to relevant guidelines. Mice

were killed by cervical dislocation in all experiments. All

mice were maintained and used, and the study was car-

ried out in accordance with the guidelines and with the

prior approval of the duly constituted ‘Institutional Ani-

mal Ethics Committee’ (IAEC) of the National Institute

of Immunology. All methods were performed in accor-

dance with relevant guidelines and regulations. All experi-

mental protocols were approved by the Institutional

Animal Ethics Committee (IAEC) authorized for this pur-

pose.

Reagents

The following anti-mouse antibodies were used for sort-

ing and phenotyping: FOXP3 (FJK-16s or 150D/E4)

(AF488, PE, eFluor 450), Helios (22F6) (PE, eFluor 450),

pStat5 (SRBCZX) APC, pJNK, CD8a (53–6�7) (FITC, PE,
APC, Pecy7), CD4 (RM4–5) (V500, PercP5.5, APC,

eFlour 450), CD25 (PC61.5) (PE, APC-eFluor 780, eFluor

450), CD62L (MEL-14) (PE, APC, APC-eFluor 780),

CD44 (IM7) (APC, eFluorV450), CD45.2 (104) (FITC,

PE, APC, V500, eFlour 450) and CD45.1 (A20) (PercP5.5,

APC, eFlour 450, Pecy7) (from eBioscience, San Diego,

CA, or from BD Biosciences, San Jose, CA). Carboxyfluo-

rescein succinimide ester (CFSE), Cell Trace Violet (CTV)

and fixable violet (all from Molecular Probes, Carlsbad,

CA) were used where shown. Functional grade purified

anti-mouse anti-CD3 (145-2C11) and anti-CD28 (37.51)

antibodies (eBioscience, San Diego, CA) were used for T-

cell stimulation. Cells were cultured in RPMI-1640 (Bio-

logical Industries, Beit Haemek, Israel) supplemented with

10% fetal bovine serum (Sigma-Aldrich), 2 mm L-glu-

tamine and antibiotics (Sigma-Aldrich). For fixation and

permeabilization of cells for intracellular staining, the

FOXP3 staining buffer kit (eBioscience) was used. Stain-

ing buffer was made as phosphate-buffered saline (PBS)

with 1% fetal calf serum (FCS) with/without 0�05%
sodium azide (Sigma). Dispase (Gibco), collagenase Type

4 and DNase I (Worthington, Lakewood, NJ) were used

for lamina propria cell isolation.

Ex vivo cell population preparations

Spleen, lymph nodes, bones, small intestine and large

intestine as appropriate were obtained from mice killed

by cervical dislocation. Single cell suspensions were pre-

pared, and red blood cells removed by osmotic lysis. For

intestinal lamina propria, gut tissue was slit longitudi-

nally, washed with ice-cold PBS, minced and incubated in

HBSS containing 10% fetal bovine serum (FBS; Gibco

Grand Island, NY), 1 mM dithiothreitol, 2 mM EDTA and

25 mM HEPES (Sigma) for 20 min at 37°. Tissue pieces

were washed, chopped and digested in RPMI containing

5% FBS, 300 U/ml collagenase type 4, 10 U/ml DNase I

and 0�5 mg/ml dispase (Gibco) for 60 min at 37°. The

cell suspension was cleared, cells pelleted, and washed.
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Staining for flow cytometry and sorting

For flow cytometric analysis, cells were incubated in

staining buffer (PBS-FCS-NaN3) with staining antibodies

on ice for 30 min. The cells were then washed and anal-

ysed on the flow cytometer. For detecting intracellular

proteins, cells were fixed with Fix/Perm buffer for 30–
45 min at room temperature, and then washed twice with

permeabilization buffer. Staining for intracellular proteins

was done in permeabilization buffer, and then samples

were washed with permeabilization buffer before analysis.

For identifying dead cells, cells were incubated with fix-

able violet (Invitrogen, ThermoFisher Scientific, Carlsbad,

CA) in PBS for 60 min on ice before staining. Flow cyto-

metric data collection was done (FACSVerse; BD Bio-

sciences) and data analysed with FLOWJO software

(Treestar, Ashland, OR). All flow cytometric data fol-

lowed a normal distribution, and mean fluorescence

intensities were calculated where applicable. Scaling in

histograms was calculated by normalizing to the peak

height at the mode of the distribution so that the maxi-

mum y-axis value in the absolute count histogram was

100%.

For sorting, cells were incubated in staining buffer with

staining antibodies on ice for 30 min, and washed with

staining buffer before re-suspending them in medium for

sorting (BD FACSAria III). Tregs and na€ıve CD4 T-cells

were sort-purified flow cytometrically as CD4+ CD25hi

and CD4+ CD25� CD44loCD62Lhi, respectively. For dif-

ferentiating between the donor partners in samples from

chimeras, CD45.1 and CD45.2 antibodies were used. For

sorting Tregs for RNA sequencing, CD4+ CD25+ cells

were sorted from both CD45.1+ and CD45.2+ donors.

Sorted cells were rested in complete RPMI at 37° for 2 hr

before being re-suspended in 1 ml TRIzol reagent (Ther-

mofisher Scientific, CA) and stored at �80°. Two such

biological repeats of WT and IL2�/� Tregs were col-

lected.

For cell proliferation quantification, cell suspensions

were incubated with 10 lm CFSE or 5 lm CTV at a den-

sity of 100 million cells/ml in FCS-free medium for

5 min at room temperature, followed by washing with

serum-containing medium and sort-purification (BD

FACSAria III). Sort-purified cells were stimulated with

plate-bound anti-CD3 and anti-CD28 (5 µg/ml), and

CFSE/CTV dilution was assessed 60–72 hr later.

Naive CD4 T-cells were sorted from B6.GFP mice and

labelled with CTV dye. For estimating suppression

in vitro, these labelled NCD4 T-cells were cultured in the

absence or presence of varying numbers of WT or IL2�/�
Treg cells purified from bi-parental chimeras, with soluble

anti-mouse CD3 (3 µg/ml) and gamma-irradiated

(10 Gy) CD90� C57BL/6 spleen cells in complete RPMI.

After 60 hr of culture, the degree of proliferation of the

live NCD4 T-cells was determined by dye dilution to test

the suppressive function of the respective Treg popula-

tion.

Bi-parental bone marrow chimera generation and adop-
tive transfers

B6.GFP, B6. Thy1.1 or C57BL/6 9 B6.SJL F1

(CD45.1+CD45.2+) recipient mice were subjected to a

10 Gy dose of gamma-radiation (Source: Co60, BARC,

Mumbai). Ten million bone marrow cells each from WT

(B6.SJL; CD45.1) and IL2�/� (CD45.2) mice, mixed in

different ratios ranging from 1:9 to 9:1, were transferred

intravenously into the gamma-irradiated mice and were

allowed to reconstitute. After 8 weeks, reconstitution of

both donors within the recipient was assessed in the

peripheral blood of the recipients. Mice with > 80% over-

all donor reconstitution were used for analysis.

For quantifying relative Treg survival in vivo, WT and

IL2�/� Tregs were sort-purified from mixed bone mar-

row chimeras, mixed in a 1:1 ratio, and 0�5–1�0 million

cells were transferred intravenously into recipient mice.

Dendritic cell and Tregs induced in vivo

Bone marrow cells from IL2�/� mouse femora were har-

vested and cultured with granulocyte-macrophage colony-

stimulating factor (GM-CSF; 10 ng/ml) at a cell density

of 0�5 million/ml at 37°. Fresh medium was supple-

mented on alternate days after removing spent medium

from the cultures. Bone-marrow-derived dendritic cells

(BMDCs) were obtained at the end of 7 days as clusters

of non-adherent rounded cells and used for experiments.

The generation of pTreg cells in vitro was done either

with or without exogenous IL2. In the absence of exoge-

nous IL2, na€ıve CD4 T-cells were stimulated with anti-

CD3 (5 µg/ml) and transforming growth factor (TGF)-

beta (10 ng/ml) in the presence of BMDCs. Generation of

pTreg cells in the presence of exogenous IL2 was done by

stimulating naive CD4 T-cells with plate-coated anti-CD3

(5 µg/ml) and anti-CD28 (5 µg/ml) in the presence of

IL-2 (10 U/ml) and TGF-beta (10 ng/ml).

RNA analyses – quantitative polymerase chain reaction
and RNA-seq

Wild-type and IL2�/� Tregs were isolated as described

above from bi-parental bone marrow chimeras (pooled

from ratios of 1:2–2:1; n = 8) 2 months after bone mar-

row reconstitution. Sorted cells were rested in complete

RPMI at 37° for 2 hr before being re-suspended in 1 ml

TRIzol reagent (Thermofisher Scientific, CA) and stored

at �80°. Two such biological repeats of WT and IL2�/�
Tregs were collected. RNA was isolated by treatment with

chloroform, isopropanol and ethanol according to the

RNA isolation protocol using TRIzol reagent as
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recommended. The RNA extracted was quantified using

NanoDrop1000 (Thermofisher Scientific, CA).

The quantitative polymerase chain reaction (qPCR) for

IL2 expression was set up with 50 ng of RNA, and fold-

change was calculated by ΔCt method. The primers used

to detect IL2 were CCTGAGCAGGGAGAATTACA and

TCCAGAACATGCCGCAGA.

RNA-seq libraries were prepared using Truseq RNA

sample prep kit v2 (Ilumina) as per the manufacturer’s

protocols. Barcoded libraries were sequenced (Hiseq2500).

Library preparation and sequencing were done commer-

cially (Macrogen, S. Korea). Raw reads were processed to

remove adapter sequences, and the resulting fastq file was

mapped to the mouse genome (Ensembl) using HISAT2.

HTseq-count was used to count the reads mapped per

gene with current GTF file from Ensembl. Galaxy server

was used for read quality check, mapping and counting.

Differential expression was analysed using DEseq2 pack-

age, and GO analysis was done using g:profiler web tool.

Only those genes showing a Padj value less than 0�1 and

log2 fold-change greater than +1 or less than �1 were

selected as differentially expressed. For GO analysis, only

the terms (with a size of 15–500) that show a Padj less

than 0�05 were selected.

Statistical analysis and data plotting

For comparison of means between two groups from chi-

meras, Student’s t-test or Mann�Whitney test were per-

formed to determine P-values. Data are shown as

mean � SEM.

Data and figures were plotted using Microsoft Excel

and Graphpad Prism.

Results

Roles for both paracrine and cell-intrinsic autocrine
IL2 in thymic Treg generation

To investigate potential roles of paracrine versus cell-in-

trinsic autocrine IL2 signalling in maintaining Treg

homeostasis, we used a mixed bone marrow chimera-

based approach. The mixed bone marrow chimeras were

generated by transferring bone marrow progenitors from

congenic IL2�/� (CD45.2+ CD90.2+) plus WT

(CD45.1+ CD90.2+) into an irradiated recipient in varying

ratios. The recipient used was congenic to both IL2�/�
and WT donors (CD45.1+ CD45.2+ or B6.GFP or

B6.Thy1.1) in order to differentiate each donor popula-

tion and the residual endogenous population if any.

Recipients were allowed to reconstitute for 50–60 days

after the transfer of donor bone marrow cells, and then

analysed for donor contributions to various re-constituted

T-cell compartments (Fig. S1a). Gating strategies for thy-

mic Treg cells were based on expression of CD4, CD8,

CD25 and FOXP3 (Fig. S1b). Input ratios of the bone

marrow progenitors were varied to titrate the amount of

IL2 available in the system. The output of chimeric

reconstitution showed a fair degree of variation despite

broad concordance with input ratios. However, because it

would be the output chimerism that would define avail-

ability of IL2 and the resultant phenotype if any, we used

the output chimerism ratios in all our analyses below.

Upon analysis of data across the range of ratios of output

WT:IL-2�/� chimerism, it was observed that the IL2�/�
donor genotype showed decreasing representation in the

Treg compartment as the WT:IL2�/� chimerism ratio

declined, limiting IL2 in the system (Fig. 1a). This change

in the WT:IL2�/� ratios was not observed in the precursor

thymic CD4+ CD8+ (double-positive; DP) compartment

(Fig. S2). Based on this trend, we also analysed the data by

grouping them into two categories, one relatively IL2-lim-

ited group where WT:IL2�/� donor ratios were < 1, and

the other relatively IL2-sufficient group where WT:IL2�/�
donor ratios were > 1. As expected, Treg contribution from

IL2�/� donor genotype was poor in IL2-limited chimeras

(ratio < 1; Fig. 1b). Thymic Tregs have been recently

reported to develop from two different progenitor cate-

gories, �CD25+ FOXP3� or CD25� FOXP3+, -and the

two are shown to play very different roles in the periph-

ery.23 We, therefore, quantified both immature subsets in

the chimeras. In both precursor types, the IL2�/� group

contributed poorly in IL2-limited but not in IL2-unlimited

chimeras (Fig. 1c,d). These data suggested that, under IL2-

limiting conditions, cell-intrinsic autocrine IL2 signalling

can play a role in thymic Treg differentiation.

We examined the potential cellular sources of IL2 in

the thymus through quantitative reverse transcriptase

(qRT)-PCR assays on isolated thymocyte subsets;

CD4�CD8� (double-negative; DN), CD4+ CD8+ (DP),

CD4�CD8+ (CD8-single-positive; CD8SP) and

CD4+ CD8� (CD4-single-positive; CD4SP) cells. IL2 tran-

script levels were specifically observed predominantly in

CD4SP cells (Fig. 1e), identifying them as the most likely

source for thymic IL2.

Insufficiency of paracrine IL2 in maintaining
peripheral Treg compartment size

We next quantified the peripheral Treg compartment in

the spleen (CD4+ CD25+ FOXP3+; Fig. S3a). IL2�/�
genotype donor-origin Treg cells were substantially present

in all chimeras as reported extensively. Unlike in the chi-

meric thymus, there was no titration in the efficiency of

Treg generation from the IL2�/� donor genotype as

observed for thymic counterpart (Fig. 2a). Therefore, we

analysed the data by grouping them into two categories as

above in one relatively IL2-limited group with WT:IL2�/�
donor ratios < 1, and the other relatively IL2-sufficient

group with WT:IL2�/� donor ratios > 1. IL2�/� Treg cell
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frequencies in lymphoid tissues consistently remained sig-

nificantly fewer than those for WT cells in all chimeras

(Fig. 2b). However, the naive:memory (CD44lo:CD44hi;

Fig. S3b) ratios in both the peripheral CD4 and the CD8

T-cell compartments, known to be altered in IL2�/� mice

(Fig. S3c),14,24 were not different between IL2�/� and WT

donors in the chimeric mice (Fig. 2c,d). We further specifi-

cally quantified the ratio of na€ıve (CD44loCD62Lhi) and

effector-memory (CD44hiCD62Llo) in splenic CD4

and CD8 cells, and found that they showed no difference in
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Figure 1. Efficiency of regulatory T-cells (Treg) generation from wild-type (WT) and interleukin (IL)2�/� genotypes in the thymus of mixed

bone marrow chimeras. Thymocytes from mixed bone marrow chimeras were isolated and analysed by flow cytometry. Bone marrow chimeras

were made with a wide range of WT:IL2�/� bone marrow cells. (a) WT:IL2�/� donor genotype ratios for Treg cells

(CD4+ CD8� CD25+ FOXP3+) were calculated in each individual recipient mouse and plotted versus output chimerism in each recipient mouse

(n = 57). For further analysis, the chimeras were divided into two groups, one with a chimerism ratio of < 1 (range: 0�1–0�9; n = 34), and the

second with a ratio of > 1 (range: 1�1–36; n = 23). For each group, paired data are shown for WT versus IL2�/� donor genotypes in each recip-

ient mouse, in Treg lineage cell frequencies in CD4SP thymocytes [(b), CD25+ FOXP3+ CD4+ CD8� Tregs; (c) CD25+ FOXP3� CD4+ CD8�

Treg precursors; (d) CD25-FOXP3+ CD4+ CD8� Treg precursors]. Student’s t-test was used to calculate P-values. ns: P > 0�05. (e) IL2 mRNA

levels, by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR), in sorted CD4SP, CD8SP, double-negative (CD4� CD8�) and
double-positive (CD4+ CD8+) thymocytes from WT mice (n = 3).
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Figure 2. Relative levels of regulatory T-cells (Treg) subsets of wild-type (WT) and interleukin (IL)2�/� genotypes in peripheral lymphoid tis-

sues of mixed bone marrow chimeras. Splenic cells, small or large intestinal lamina propria cells, or mesenteric lymph node cells (as indicated)

from mixed bone marrow chimeras were isolated and analysed by flow cytometry. (a) WT:IL2�/� donor genotype ratios for Tregs

(CD4+ CD25+ FOXP3+) were calculated in each individual recipient mouse and plotted versus output chimerism in each recipient mouse

(n = 55). For further analysis, bone marrow chimeras were divided into two groups, one with a chimerism ratio of < 1 (range: 0�1–0�9; n = 32),

and the second with a ratio of > 1 (range: 1�1–48; n = 23). For each chimera group, paired data are shown for WT versus IL2�/� donor geno-

types in each recipient mouse. (b) Quantification of splenic Treg (CD4+ CD25+ FOXP3+) frequencies in total CD4 T-cells of WT or IL2�/�
genotypes in chimeric mice. (c,d) Quantification of na€ıve:memory ratios in CD4 (c) or CD8 (d) T-cells in mixed bone marrow chimeras gated

on either CD45.1 (WT) or CD45.2 (IL2�/�) donors. Na€ıve cells were gated as CD4+ CD44loCD25� or CD8+ CD44lo, while memory T-cells

were gated as CD4+ CD44hi CD25� or CD8+ CD44hi. For each chimera group, paired data are shown for WT versus IL2�/� donor genotypes

in each recipient mouse in two groups with ratios of < 1 (range: 0�1–0�9; n = 10) or > 1 (range: 1�3–26; n = 7), respectively. Student’s t-test was

used to quantify P-values. ns: P > 0�05.
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any of the chimeras tested (Fig. S4a). Because Tregs are

also reported to show distinctions between ‘naive’ and ‘effec-

tor’ phenotypes, we also quantified the ratios of na€ıve

(CD44loCD62Lhi) and effector-memory (CD44hiCD62Llo)

Tregs in the chimeric mice, and found no significant differ-

ences in these ratios between WT and IL2�/� donors

(Fig. S4b), indicating that the Treg deficit in the IL2�/�
donor genotype was common to both naive and effector

Tregs. As expected, there was no difference between the WT

and IL2�/� donors in the B220 + splenic B-cell compart-

ment in any of the chimeras tested (Fig. S4c). These data

suggested that the modest but consistent deficit in the IL2�/�
Treg compartment was specific.

We also examined the Treg compartment in a non-

lymphoid tissue, the gut, and found that IL2�/� Treg

cells were less prominent than WT Treg cells in the small

intestine (Fig. 3a), the large intestine (Fig. 3b) as well as

in mesenteric lymph nodes (Fig. 3c).

Unlike thymic Tregs, Tregs in the periphery would be

expected to be a mixture of tTregs and peripherally induced

pTregs.25 It has been previously described that pTreg cells

can be distinguished from tTregs by the absence of expres-

sion of the Ikaros family transcription factor Helios,26

although the distinction is not necessarily rigorously accu-

rate.27,28 We found that IL2�/� Treg cells were generally

less prominent than WT cells in both the Helios+ and

Helios� (Fig. S5) splenic subsets of chimeric mice (Fig. 4a,

b). Because pTregs are known to be prominent in the gut,

we examined putative tTregs and pTregs in the gut, and

found that IL2�/� Treg cells were less prominent than WT

cells in both the Helios+ and Helios� subsets in the small

intestine, large intestine and mesenteric lymph nodes, with

the exception of tTreg cells in the small intestine (Fig. 4c–h).

Defects in peripheral generation and survival of
IL2�/� Treg cells

To examine the possible genesis of the lower frequencies

of IL2�/� pTreg cells, we examined if pTreg cells could
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Figure 3. Relative levels of regulatory T-cells (Treg) subsets of wild-

type (WT) and interleukin (IL)2�/� genotypes in peripheral non-

lymphoid tissues of mixed bone marrow chimeras. Small or large

intestinal lamina propria cells, or mesenteric lymph node cells (as

indicated) from mixed bone marrow chimeras were isolated and

analysed by flow cytometry. For further analysis, bone marrow chi-

meras were divided into two groups, one with a chimerism ratio of

< 1 and the second with a ratio of > 1. For each chimera group,

paired data are shown for WT versus IL2�/� donor genotypes in

each recipient mouse. Student’s t-test was used to quantify P-values.

ns: P > 0�05. (a–c) Tregs were quantified as CD4+ CD25+ FOXP3+

frequencies in total CD4 T-cells in either CD45.1 or CD45.2 gated

donor populations in bone marrow chimeras. (a) In small intestine

lamina propria, with chimerism ratios of < 1 (range: 0�1–0�9; n = 6)

or > 1 (range: 1�1–26; n = 7), (b) large intestine lamina propria,

with chimerism ratios of < 1 (range: 0�1–0�9; n = 6) or > 1 (range:

1�1–26; n = 7), or (c) in mesenteric lymph nodes, with chimerism

ratios of < 1 (range: 0�1–0�9; n = 18) or > 1 (range: 1�1–26; n = 18).
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Figure 4. Reduced frequencies of interleukin (IL)2�/� tTregs and pTregs in both lymphoid and non-lymphoid organs. Peripheral tissue cells

from wild-type (WT):IL2�/� mixed bone marrow chimeras were isolated and analysed by flow cytometry. For analysis, bone marrow chimeras

were divided into two groups, one with a chimerism ratio of < 1, and the second with a ratio of > 1. Helios expression was used to distinguish

between putative nTregs (CD4+ CD25+ FOXP3+ Helios-hi) and pTregs (CD4+ CD25+ FOXP3+ Helios-lo). Cell populations as frequencies in total

CD4 T-cells were quantified, and are shown as tTregs and pTregs in: (a,b) spleen, with chimerism ratios of < 1 (range: 0�1�0�9; n = 16) or > 1

(range: 1�1�26; n = 14); (c,d) small intestine, with chimerism ratio of < 1 (range: 0�1�0�9; n = 6) or > 1 (range: 1�1�26; n = 7); (e,f) large

intestine, with chimerism ratios of < 1 (range: 0�1–0�9; n = 5) or > 1 (range: 1�1–26; n = 7); and (g,h) mesenteric lymph nodes, with chimerism

ratios of < 1 (range: 0�1–0�9; n = 18) or > 1 (range: 1�1–26; n = 16). For each chimera group, paired data are shown for WT versus IL2�/�
donor genotypes in each recipient mouse. Student’s t-test was used to quantify P-values. ns: P > 0�05.
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be generated as efficiently from naive CD4 T-cells

from IL2�/� mice as from WT mice. It has been

reported that, when na€ıve CD4 T-cells (CD4+

CD25� CD44loCD62Lhi) from WT mice are stimulated

with plate-bound anti-CD3 and anti-CD28 in the pres-

ence of TGF-beta and IL2, they proliferate and differenti-

ate into pTreg cells.20 Because we intended to test the

role of cell-autocrine IL2 in pTreg generation, no addi-

tional exogenous IL2 was provided in our cultures. Na€ıve

CD4 T-cells from WT and IL2�/� mice were mixed in

various ratios in culture to mimic both cell-autocrine and

paracrine IL2 sources. We used syngeneic BMDCs from

IL2�/� mice as supportive stroma with anti-CD3 (5 µg/
ml) and TGF-beta (10 ng/ml). After 48 hr of culture, cells

were stained with fixable violet to label dead cells, and

fixed, permeabilized and stained for CD25 and FOXP3

for quantifying Tregs. The IL2�/� donor cells showed

consistently lower frequencies of pTreg generation as

compared with WT cells in these cultures (Fig. 5a). How-

ever, when these cultures were done with the addition of

exogenous saturating IL2 concentrations, the pTreg gener-

ation was equally efficient between WT and IL2�/�
donor cells (Fig. 5b). Further, the frequencies of these

responding CD4 T-cells expressing activation-induced

genes such as CD69 and CD25 at 24 hr after activation

were similar between WT and IL2�/� genotypes

(Fig. S6).

We also tested pTreg generation in vivo from WT ver-

sus IL2�/� naive CD4 T-cells. For this, we adoptively

transferred, into Rag1-null recipient mice, na€ıve CD4 T-

cells from WT and IL2�/� mice (2 million cells each/

mouse), along with purified WT Treg cells (0�2 million

cells/mouse) to prevent any autoreactive T-cell responses

and to ensure that the generation of pTreg cells was phys-

iological. While the expansion of naive CD4 T-cells was

comparable between WT and IL2�/� donors (Fig. 5c),

the IL2�/� compartment showed consistently lower fre-

quencies of pTreg cells (Fig. 5d). Our data showed nota-

ble variation between individual recipient Rag1�/� mice

in the frequencies of pTreg cells generated from trans-

ferred naive CD4 T-cells within the 2-month follow-up

period, necessitating caution in interpretation. The trans-

ferred naive CD4 T-cells were tested for FOXP3 expres-

sion, and showed no evidence of pre-existing Treg

contamination from either genotype (Fig. S7). However,

in each case, pTreg generation efficiency remained consis-

tently less for transferred IL2�/� CD4 T-cells than for

WT donor T-cells. Together, these data suggested that

cell-autocrine IL2 may provide an added advantage for

pTreg generation.

Another possible explanation for the lower peripheral

prominence of IL2�/� Treg cells in chimeric mice could

be provided by differential survival. We tested this possi-

bility by purifying both WT and IL2�/� Treg cells from

the mixed bone marrow chimeras, mixing them in a 1 : 1

ratio and transferring into congenic WT recipients. Three

days later, the relative survival of WT and IL2�/� Treg

cells was quantified in the recipient mice. Consistently,

IL2�/� Treg cells showed poorer survival compared with

WT Tregs (Fig. 5e), suggesting that lack of cell-autocrine

IL2 during Treg differentiation altered the survival pro-

gramming of Treg cells.

Phenotypic and functional similarity of IL2�/� and
WT Treg cells

On the background of these data suggesting altered pro-

gramming of Treg cells in the absence of cell-autocrine

IL2 during Treg generation, we examined if IL2�/� Treg

cells showed any gross phenotypic and/or functional alter-

ations. The cellular levels of the lineage-specific transcrip-

tion factor FOXP3 are an indicator for the suppressive

capacity of Tregs.29 Both WT and IL2�/� Tregs from

chimeric mice (pooled from ratios of 1:2–2:1) were phe-

notypically equivalent in terms of FOXP3 levels (Fig. 6a).

CD25 has been shown to regulate Treg suppressive capac-

ity, notably by limiting T-cell activation.30 Again, both

WT and IL2�/� Tregs from chimeric mice showed simi-

lar CD25 levels (Fig. 6b). Peripheral WT and IL2�/�
Treg cells showed similar phospho-Stat5 levels (Fig. 6c),

suggesting that IL2 signalling was equivalent in the

peripheral Treg compartment.

We also tested the suppressive capacity of WT and

IL2�/� Treg cells. CFSE-labelled WT CD4 T

(CD4+ CD25� CD44lo) cells were stimulated with anti-

CD3 with addition of titrating numbers of sort-purified

WT or IL2�/� Tregs (CD4+ CD25+) from the mixed

bone marrow chimeras. Both WT and IL2�/� Tregs sim-

ilarly suppressed the proliferation of WT T-cells (Fig. 6d).

Effects of cell-autocrine-IL2 deficiency on the Treg
transcriptome

To compare the differences in gene expression profile due

to lack of autocrine IL2 signalling, we analysed the tran-

scriptomes of WT and IL2�/� Treg cells purified from

bi-parental mixed bone marrow chimeras (pooled from

ratios of 1:2-2:1; n = 8). In the analysis, we considered

only those genes that were at least twofold upregulated or

downregulated (Fig. 7a). In a gene ontology analysis with

g:profiler, the gene set downregulated in the IL2�/� cells

showed moderate enrichment for the terms ‘TGF-beta

receptor signalling pathway’ and a related term, ‘positive

regulation of bone morphogenetic protein (BMP) sig-

nalling pathway’ (Fig. 7b). On the other hand, the most

prominent gene ontologies that were enriched in the

genes upregulated in the IL2�/� cells included ‘T-cell

activation’-associated genes (Fig. 7c) and ‘antigen pro-

cessing and presentation by MHC class II’ associated

genes.
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It is known that activation of T-cell receptor (TCR)

leads to downregulation of the TGF-beta pathway in

naive T-cells.31 TGF-beta signalling plays a major role in

the development and maintenance of Treg cells.32 BMPs

form a class of TGF-beta family of cytokines that initiate

signalling through heterodimeric receptors made up of

Bmpr1 and Bmpr2.33 Apart from TGF-beta, BMP sig-

nalling is also important for Treg development.34 More-

over, dysregulation of BAMBI, an inhibitor of the TGF-

beta pathway, is known to affect the Th17/Treg ratio in

chronic obstructive pulmonary disease.35 Because the GO

terms associated with TGF-beta signalling and BMP sig-

nalling were enriched in the IL2�/� Tregs, we compared

the expression levels of the TGF-beta receptor genes and

BMP receptor genes (Fig. 7d). While the BMP receptors

Bmpr1, Bmpr2 and Neo1 showed decreased expression in

the IL2�/� cells, Tfgr1 and Tfgr2 did not show any such

trend, suggesting that BMP pathway could be specifically

affected by the lack of autocrine IL2 signalling. However,

no differences in the mRNA levels of the downstream

effectors of the BMP pathway were seen in the data

(Fig. 7e). A comparison of the relative expression levels

of a subset of genes from the ‘T-Cell Activation’ gene set

on MolSigDB36 showed that many of the T-cell activation

associated genes were upregulated in IL2�/� cells com-

pared (Fig. 7f). Interestingly, we also found that the

IL2�/� cells also exhibited higher expression levels of

MHC class II-related genes (Fig. 7g). Because Smad
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Figure 5. Interleukin (IL)-2�/� genotype cells show defective regulatory T-cells (Treg) generation and survival in the periphery. (a,b) Na€ıve

CD4 T-cells (CD4+ CD25� CD44lo) from both wild-type (WT) and IL2�/� donor partners were isolated from mixed bone marrow chimeras

and mixed in different ratios (9:1, 3:1, 1:1, 1:3, 1:9), and stimulated with bone-marrow-derived dendritic cells (BMDCs), anti-CD3 and trans-

forming growth factor (TGF)-beta in the absence of IL2 (a; n = 3/group), or with plate-coated anti-CD3 + anti-CD28 and TGF-beta in the pres-

ence of IL2 (b; n > 3/group). Tregs were quantified as CD4+ CD25+ FOXP3+. Data are representative of three independent experiments. (c,d)

For in vivo Treg generation, na€ıve CD4 T-cells (CD4+ CD25� CD44lo) cells from both WT and IL2�/� donor partners were isolated from

mixed bone marrow chimeras and mixed in a 1:1 ratio and transferred into Rag�/� mice along with congenic WT Tregs. After 2 months, spleen

cells from the Rag�/� recipients were analysed for (c) CD4 expansion and (d) Treg induction from these donor populations. Because Treg

induction in vivo was variable from mouse to mouse, the data are shown separately for each mouse. X-axes show donor genotypes. Tregs were

scored as CD4+ CD25+ FOXP3+ (n = 5/group). (e) For quantification of survival of Tregs in vivo, CD4 + CD25+ Tregs were sorted from both

WT and IL2�/� donor partners from mixed bone marrow chimeras, mixed in 1:1 ratio and adoptively transferred into congenic recipient mice.

Ratios were quantified at day 3 post-transfer (n = 4/group). Data are representative of two independent experiments.
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activity is regulated by phosphorylation rather than tran-

script levels, and because BMPs are known to promote

Treg differentiation independently of Smad proteins by

influencing the JNK pathway,34 we tested if phospho-JNK

levels were different between WT versus IL2�/� Treg

cells in chimeras, and found no differences in preliminary

experiments (Fig. S8).

Discussion

Autocrine signalling systems are hard to study because

they are self-sustaining and recursive in nature. In

homotypic cell populations, the autocrine versus para-

crine components of signals mediated by secreted ligands

become difficult to dissect. One such situation of interest

is the effect IL2 on T-cell populations. IL2 is an alpha-he-

lical cytokine primarily produced by activated T-cells, and

it can bind both to a low-affinity receptor, IL2Rbeta,

expressed constitutively on many cells,37 as well as to a

high-affinity receptor formed by the addition of IL2Ral-

pha, or CD25, expressed upon activated T-cells.37 Because

CD25 expression can be induced by IL2 itself,38 there is a

clear potential for a cell-intrinsic autocrine signalling

loop. This signalling module was initially conceived as an
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ml) in the presence of gamma-irradiated (10 Gy) CD90- C57BL/6 spleen cells, to assess suppression of proliferation. Data represent three inde-
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activator of T-cell proliferation as well as a modulator of

T-cell death39 and, in fact, there is accumulating evidence

that there is likely a cell-intrinsic autocrine component of

this module operative in both CD4 and CD8 T-cells.7,8,21

The more crucial role of IL2 lies in the generation and

maintenance of regulatory CD4 T-cells.14–16 IL2�/� mice

T-cells undergo uncontrolled T-cell proliferation with

multi-organ failure due to the lack of Tregs.14,24,40 The

immune alterations observed in IL2�/� or CD25�/�
mice are rectified either upon transfer of the WT Treg

cells or when Treg cells are generated in mixed bone mar-

row chimeras.15,16,22 Notably, Treg cells are known to be

unable to make IL2 themselves,39 making cell-intrinsic

autocrine IL2 signalling unlikely, and IL2�/� genotype

progenitor cells generate Tregs in mixed bone marrow

chimeras using IL2 from WT cells in paracrine fashion,22

as IL2 signalling is required for Treg generation in the

thymus.14

However, there is recent evidence that developing CD4

T-cells in the thymus (CD4SP thymocytes), including

some cells eventually fated to become Tregs, express sub-

stantial amounts of IL2.41 Peripherally, too, as naive con-

ventional CD4 T-cells stimulated in a microenvironment

rich in TGF-beta become pTregs,42 it is plausible that

pTregs have had the ability to make IL2 at some point

during their differentiation. On this background, our data

indicate that there are indeed differential consequences of

cell-intrinsic autocrine versus paracrine IL2 signalling on

Treg generation and functionality. For this, we made

mixed bone marrow chimeras by titrating the input ratios

of haematopoietic cell numbers of WT versus IL2�/�
genotypes. With this approach, we could ‘titrate’ the

availability of IL2 from the WT sources, so as to dissect

the consequences caused by paracrine IL2 versus cell-au-

tocrine IL2. It would be expected that, as the relative

prominence of WT cells decreased, paracrine IL2 avail-

ability would become limiting, and cell-intrinsic autocrine

IL2 availability would show differential effects, if any, on

WT versus IL2�/� genotype cells.

In the thymus, Tregs appear to be generated via two

somewhat different pathways. Thymic Treg precursors

may initially express either CD25 but not FOXP3, or vice

versa,23 and there is some evidence that the Tregs from

these two pathways may differ in their contribution to

autoimmune disease modulation.23 When we quantified

both these thymic precursors as well as CD25+ FOXP3+

thymic Tregs in WT/IL2�/� chimeras, it was evident that

WT and IL2�/� genotypes showed no detectable differ-

ences in their Treg commitment when WT cells and IL2

were plentiful. However, in WT/IL2-limiting conditions,

the IL2�/� genotype was detectably somewhat poorer in

generating all three Treg lineage subsets.

As paracrine IL2 signalling was enough, when WT

donor cells were prominent, to generate equivalent thy-

mic Treg frequencies, it would be expected that

peripheral Treg frequencies in the chimeras would be

equivalent as well. However, this was not the case.

IL2�/� Tregs were less prominent at all the ratios of

WT/IL2�/� chimerism. This was true in both lym-

phoid and non-lymphoid organs, with the exception of

tTreg cells in the small intestine. However, when we

quantified other subsets of CD4 and CD8 T-cells in the

periphery, it was evident that they were equivalent

between the WT and IL2�/� compartments, suggesting

that the Treg deficit was specific, although it was not

‘titrating’ as it was observed at all WT:IL2�/� chimer-

ism ratios.

There were three possible explanations for the persis-

tent, albeit modest, reduction in IL2�/� Tregs in the

mixed chimeras regardless of WT/IL2�/� ratios. One

possibility was that peripherally, pTregs were poorly gen-

erated in the absence of cell-intrinsic autocrine IL2, and

that the peripheral Treg deficit of the IL2�/� genotype

was restricted to pTregs. Indeed, when we tested if IL2�/�
na€ıve CD4 T-cells were compromised in differentiating

into iTregs (Tregs induced in vivo) in vitro under TGF-

beta influence, or into pTregs in vivo, it was evident that

naive CD4 T-cells from IL2�/� mice formed both iTregs

in vitro and pTregs in vivo at lower frequencies, indicating

a cell-intrinsic non-titrating autocrine role for IL2 in

pTreg formation, consistent with previous reports show-

ing that cell-intrinsic autocrine IL2 was advantageous for

the maturation of antigen-specific CD4 and CD8 T-cell

responses.7,8,30

However, it was not true that the persistent peripheral

deficit of IL2�/� Tregs in the mixed chimeras was

restricted to pTregs. Both pTreg and tTreg IL2�/� popu-

lations showed a deficit in the periphery despite tTregs

not showing it in the thymus, although these data are

limited by our use of Helios expression to distinguish

tTregs and pTregs, as Helios does not necessarily provide

a reliable distinction.26–28 Nonetheless, it was possible that

all Tregs of IL2�/� origin behaved differently in the

periphery, which would suggest that cell-intrinsic IL2 sig-

nalling may be non-redundantly required for the pro-

gramming of such cellular behaviour.

When we tested for peripheral Treg phenotype and

function, it was clear that, despite the difference in fre-

quencies of WT versus IL2�/� Tregs in the periphery,

both Treg groups showed similar levels of FOXP3, CD25

and pStat5. They also showed comparable capacities to

suppress naive CD4 T-cell proliferation in vitro. However,

when survival was specifically assayed by adoptive transfer

of Tregs, IL2�/� Tregs showed poorer survival, consis-

tent with their reduced steady-state frequencies in the

mixed bone marrow chimeras. While it has been reported

that Tregs receiving low IL2 signalling show compromised

survival, it must be noted that we have not observed any

differences in pSTAT5 levels between WT and IL2�/�
Tregs.
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We, therefore, examined if there were global differences

in the programming of peripheral WT and IL2�/� Tregs,

by carrying out an RNA-seq analysis. A comparison of

the transcriptomes of WT Treg cells and IL2�/� Treg

cells lacking autocrine IL2 signalling showed a number of

interesting patterns. Curiously, our data show that expres-

sion levels of many of the genes in MHC class II-related

pathways were upregulated in IL2�/� Treg cells. The

implications of this observation remain unclear.

More interestingly, our RNA-seq analysis showed that

the IL2�/� cells had higher expression of T-cell activa-

tion associated genes, while receptors for the BMP sig-

nalling pathway were downregulated in them. It is known

that high TCR activation leads to downregulation of

TGF-beta signalling in naive T-cells.31 Activated T-cells

from SLE patients exhibit lower levels of Tgfbr1 expres-

sion, reiterating the importance of this interaction

between T-cell activation and TGF-beta signalling path-

ways.31 It is also well understood that TGF-beta signalling

is important for the development and function of Treg

cells.43 Apart from Tgfbr1, BMP receptors were also

downregulated in IL2�/� Tregs. BMP signalling is also

known to enhance Treg development synergistically with

TGF-beta.34 Our data did not show any differences in the

mRNA expression of Smads 1, 4, 5 and 9, which are

important for BMP signalling, perhaps related to the fact

that Smad activity is regulated by phosphorylation rather

than transcript levels. In fact, BMPs are known to pro-

mote Treg differentiation independently of Smad proteins

by influencing the JNK pathway34 and, interestingly, our

data also showed that JNK pathway genes are enriched in

the downregulated gene set in IL2�/� cells.

Our data may be plausibly interpreted to suggest that the

addition of cell-intrinsic autocrine IL2 signalling may allow

somewhat lower levels of TCR signalling to permit Treg

commitment. This in turn may lead to both the commit-

ment of a higher proportion of cells to the Treg lineage,

and yet to the maintenance of somewhat higher TGF-beta

signalling in the WT genotype. There is known to be cross-

talk for Treg differentiation and survival between the IL2-

driven and TGF-beta-driven signalling pathways in thymic

Tregs as well,32 and the balance may be modified by auto-

crine-paracrine versus paracrine-alone provision of IL2.

Thus, our data indicate a significant role for cell-intrin-

sic autocrine IL2 in the generation and maintenance of

Treg populations. The genesis and consequences of this

autocrine loop in immune homeostasis and disease are

likely to be issues of significant interest.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Thymocytes from mixed bone marrow chi-

meras were isolated and analysed by flow cytometry. Bone

marrow chimeras were made with a wide range of WT:

IL2�/� bone marrow cells.

Figure S2. Thymocytes from mixed bone marrow chi-

meras were isolated and analysed by flow cytometry. Bone

marrow chimeras were made with a wide range of WT:

IL2�/� bone marrow cells. WT:IL2�/� donor genotype

ratios for DP cells (CD4+ CD8+) were calculated in each

individual recipient mouse and plotted versus output chi-

merism in each recipient mouse.

Figure S3. Splenic cells from WT:IL2�/� mixed bone

marrow chimeras were isolated and analysed by flow

cytometry.

Figure S4. Splenic cells from mixed bone marrow chi-

meras were isolated and analysed by flow cytometry.

Figure S5. Splenic cells from WT:IL2�/� mixed bone

marrow chimeras were isolated and analysed by flow

cytometry.

Figure S6. Na€ıve CD4 T-cells (CD4+ CD25� CD44lo)

from both WT and IL2�/� (KO) donor genotypes were

isolated from mixed bone marrow chimeras and mixed in

different ratios as shown, and stimulated with plate-

coated anti-CD3+anti-CD28 and TGF-beta in the pres-

ence of exogenous IL2.

Figure S7. Na€ıve CD4 T-cells (CD4+ CD25� CD44lo)

from both WT and IL2�/� donor partners were isolated

from mixed bone marrow chimeras for transfer for

in vivo pTreg generation.

Figure S8. Tregs (CD4+ CD25+ FOXP3+) from spleen of

mixed bone chimeras were analysed by flow cytometry for

mean fluorescent intensity of phospho-JNK as shown.
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